located on the short arm of chromosome 5D, controls most wheat kernel hardness variation (Mattern et al., 1973; Law et al., 1978) . Wheat grain hardness is simply inherited, with soft texture (Ha) dominant to hard (ha). Three structurally related genes have been identifi ed that are closely linked to Ha. They are puroindoline a (Pina), puroindoline b (Pinb), and grain softness protein (Gsp-1a) (Sourdille et al., 1996; Morris, 1997, 1998; Rahman et al., 1994) . Mutations in Pina or Pinb have been demonstrated in each hard wheat examined Morris, 1997, 1998; Morris, 2002) . Transgenic complementation studies have demonstrated that, in wheat, Pina and Pinb functionality comprise Ha (Beecher et al., 2002a; Martin et al., 2006) . Transgenic manipulation in wheat has also demonstrated that both PINA and PINB are required for full softness (Hogg et al., 2004) . High levels of either PIN can create intermediate grain hardness, but is not suffi cient to create a soft texture (Wanjugi et al., 2007) . Puroindolines contain a hydrophobic tryptophan-rich domain that is believed to be their active site enabling them to bind starch granule surface lipids and thereby prevent tight adhesion between starch granules and the surrounding protein matrix during seed maturation. Wheats with functional PINA and PINB have high amounts of both proteins on the surface of starch and are soft textured (Beecher et al., 2002b; Hogg et al., 2004; Wanjugi et al., 2007) . However, even minor Pina or Pinb allelic variation within the soft (Campbell et al., 2007) or hard (Giroux et al., 2000 , Martin et al., 2001 ) market classes is suffi cient to confer signifi cant end product quality diff erences.
Cultivars of barley (Hordeum vulgare L.), a close relative of wheat, also vary measurably in grain hardness (Brennan et al., 1996; Beecher et al., 2001 Beecher et al., , 2002b . Textural diff erences have been noted among European barleys: good-malting cultivars are softer in texture than poor-malting cultivars (Brennan et al., 1996) . Endosperm texture should be an important trait in barley destined for feed use since particle size aff ects digestion in ruminants (Bowman et al., 2001) . Important feed quality traits for cattle include large particle size after milling, high starch content, and low ruminal drymatter digestibility (DMD) (Surber et al., 2000) . Large particles are likely associated with harder texture and therefore harder textured barley would be desirable for use as feed. Therefore, the ability to manipulate barley endosperm texture and particle size would be of food and feed value. Head type or the number of rows of kernels on a barley spike is another important factor to consider in studies related to the production and quality of seeds. Head type is controlled by the Vrs1 gene located on chromosome 2H (Leonard 1942) . Head type aff ects the size and shape of kernels (Ayoub et al., 2002) and, therefore, plays a signifi cant role both in malting (Gebhardt et al., 1993; Edney et al., 1999 , Freeman et al., 1995 and feeding quality (Bowman et al., 2001 ) since tworow (dominant) types are typically larger seeded and have higher starch, DMD, and reduced protein content relative to six-row genotypes. Vrs1 was recently cloned and was shown to be a transcription factor expressed in lateral-spikelet primordia (Komatsuda et al., 2007) .
The puroindoline and Gsp homologs of barley, the hordoindoline a (Hina), hordoindoline b-1 (Hinb-1), hordoindoline b-2 (Hinb-2), and Gsp have been identifi ed (Gautier et al., 2000; Caldwell et al., 2004) . They map to the short arm of barley chromosome 7 (5H), the homoeologous location of puroindolines and Gsp in wheat (Rouvès et al., 1996; Beecher et al., 2001) . The physical order of all four genes was determined based on analysis of a Morex's BAC library (Caldwell et al., 2006) . Hinb-1 and Hinb-2 are located as nonseparated tandem genes (Darlington et al., 2001) with Hina located between the Hinb genes and Gsp. The distances between the Hinb genes and Hina and between Hina and Gsp were 77 and 28 kb, respectively (Caldwell et al., 2006) . Hina, Hinb-1, and Hinb-2 are in the same orientation, while Gsp is in the opposite orientation (Caldwell et al., 2004) .
Recent studies suggest that substantial allelic variation exists in barley for Hina, Hinb, and Gsp sequences (Beecher et al., 2001; Caldwell et al., 2006) . Gsp is the likely ancestral gene for all members of the Hin gene family with Hina resulting from duplication and inversion of Gsp, then duplication of Hina led to the generation of Hinb-1 and Hinb-2 (Caldwell et al., 2004) . The chromosomal region in which these genes are found is involved in grain texturedependent traits such as milling energy, level of fi ne grind extract, malt extract yield, and grain hardness (Thomas et al., 1996; Mather et al., 1997; Beecher et al., 2001 Beecher et al., , 2002b . The region of chromosome 5H that contains the barley Ha multigene family contains the largest QTL for grain hardness in the 'Steptoe' × 'Morex' population, supporting the contention that variation among Ha haplotypes impacts grain hardness (Beecher et al., 2002b) . However, studies addressing the level of Ha locus component gene variation are limited to only two studies (Beecher et al., 2001; Caldwell et al., 2006) . The goal of this research is to study the genetic variation in Ha locus among barley accessions selected for divergence in DMD and determine the relationships between Ha locus genetic variation, grain hardness, and DMD. The data presented here indicates that signifi cant Hina, Hinb-1, Hinb-2, and Gsp allelic and expression level variation exist among barley accessions and is associated with specifi c grain quality traits.
MATERIALS AND METHODS

Plant Material
The spring barley accessions used in this study were selected from the National Small Grains Collection (NSGC) at the National Plant Germplasm system (http://www.ars-grin.gov/ npgs/). Seventy-three accessions covering a range of DMD scores were selected as described previously (Bowman et al.,
The RNA samples were extracted from 14 d after fl owering (DAF) seeds according to the protocol described in Hogg et al. (2004) . Specifi c PCR primers for quantitative reversetranscriptase PCR (qRT-PCR) were designed using the software package Primer 3 (Rozen and Skaletsky 2000) and are listed in Table 2 . Quantitative reverse-transcriptase PCR was performed using a SYBR-GreenER Two-Step qRT-PCR kit (Invitrogen, Carlsbad, CA) and a MiniOpticon RT-PCR machine (Bio-Rad, Hercules, CA). To increase the specifi city of PCR for Hinb-1 and Hinb-2, the annealing temperatures were increased to 68 and 65°C, respectively. The specifi city and length of PCR products were verifi ed by agarose gel electrophoresis. Each qRT-PCR amplifi cation was replicated at least twice. To assess the homogeneity of samples, a melting curve was generated for every reaction with a temperature increment of 0.2°C and a hold time of 2 s between 55 and 90°C. The relative expression of each gene was analyzed based on arbitrary values of barley high and low expression controls (primers provided by A. Fischer lab, Dep. of Plant Sciences, Montana State University, unpublished data, 2006; Table 2 ) that were selected from a barley microarray hybridization experiment.
Statistical Analysis
The association between Hina, Hinb-1, Hinb-2, and Gsp sequence variation was calculated using a simple correlation analysis (GraphPad InStat software, v. 3.06, San Diego, CA). Unpaired t tests were used to test whether amino acid substitutions and individual hordoindoline alleles were associated with grain hardness and feeding quality traits. Genetic diversity was assessed using Nei's genetic diversity index (Nei, 1973) based on the frequency of individual alleles calculated using PopGene32 (v. 1.31, Yeh et al., 2000) .
RESULTS
Hina Allelic Variation
Sequence analysis of the 81 Hina PCR products identifi ed 10 Hina nucleotide polymorphic sites predicting fi ve alleles. The alleles have been designated Hina-1 through Hina-5. Hina-1 was the best represented, being present in over half (53) of the accessions (Table 1 ). All alleles showed high similarity to one another, with sequence identities ranging from 97 to 99%. These sequences were also very similar to their wheat homolog (Pina), with identities ranging from 89 to 90%. Due to high similarities of the sequences among all Hina alleles and to simplify analysis the alleles were designated numerically in order of most (1) to least represented. The same approach was applied to the other studied genes in this work and to individual predicted amino acid sequences.
The fi ve Hina alleles are predicted to encode three distinct polypeptides. A comparison of the predicted polypeptides encoded by the fi ve Hina alleles with the soft type PINA from the D genome of hexaploid wheat is shown in Fig. 1 . In total, there were 21 amino acid substitutions and one insertion relative to PINA. Five amino acid substitutions were variable between HINA alleles (Fig. 1). 2001). In addition, the eight contemporary (Baronesse, Chinook, Harrington, Lewis, Medallion, Merlin, Morex, and Steptoe) spring cultivars used by Bowman et al. (2001) were included in this study (Table 1) . The entries were arranged in a randomized complete block design with two fi eld replications at the Arthur Post Research Farm near Bozeman, MT, in 1996 and 1997 as previously described (Bowman et al., 2001 ).
Seed Texture Measurement
Barley seed texture was analyzed using the Single Kernel Characterization System (SKCS) (SKCS 4100, Perten Instruments, Springfi eld, IL). The SKCS machine was used to estimate kernel hardness, weight, and diameter. SKCS analysis was performed on replicate samples of 100 seeds. The starch content was measured using enzymatic method (AOAC, 1997) . SKCS and starch content data were fi rst reported in Bowman et al. (2001) .
Polymerase Chain Reaction and Sequence Analysis
The polymerase chain reaction (PCR) products of Hina, Hinb-1, Hinb-2, and Gsp were amplifi ed using Taq DNA polymerase (Promega, Madison, WI) from genomic DNA isolated according to the method described by Riede and Anderson (1996) . Primers for PCR of Hina were previously designed by Beecher et al. (2001) . Hinb-1, Hinb-2, and Gsp PCR primers were developed using the Primer3 program of Biology Workbench (http://workbench.sdsc.edu; Table 2 ). Primers specifi c for Hinb-1 and Hinb-2 were designed based on the sequence diff erences reported by Darlington et al. (2001) using EMBL accession AJ276143. The Hinb-1 primers amplifi ed a 1344-bp PCR product, and Hinb-2 primers amplifi ed a 1198-bp PCR product. The PCR temperature regimen for all four genes consisted of a 3-min initial denaturation step at 94°C, 40 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 90 s, and a 5-min fi nal extension at 72°C. Amplifi ed products were run on 1% agarose TAE gels at 100 V for approximately 20 min. The amplifi ed products were excised from the gel and purifi ed using a gel extraction kit (Qiagen, Valencia, CA). The forward and reverse Hina and Gsp PCR product amplifi cation primers shown in Table 2 were used for direct sequencing. Forward primer 5′-GCATTAGC-CAAAGCAACACA-3′ and reverse primer 5′-TATGCACA-CAACCCACCATC-3′ were used for sequencing the coding regions of both Hinb-1 and Hinb-2 genes. The PCR products were sequenced using a Quick Start Kit and the CEQ 8800 Genetic Analysis System from Beckman Coulter (Fullerton, CA). The sequences were deposited to GenBank (DQ862133-DQ862456) and each number can be identifi ed according to the pedigree ID presented in Table 1 . The PINA database accession X69913, PINB accession X69912, and GSP accession S48186 representing the Ha locus component genes from the D genome of a soft hexaploid wheat (Triticum aestivum L.) were used for alignment of barley sequences with wheat homologs. Consensus sequences of genes were compiled using CLUSTAL W (v. 1.81) from Biology Workbench. Genetic distances among genes were calculated using Neighbor-Joining method by Saitou and Nei in CLUSTALDIST distance matrix (Thompson et al., 1994) and phylogenetic tree was produced using Neighbor-Joining method and MEGA version 3.1 (Kumar et al., 2004) . 1 P I 4 1 0 4 5 6 P a k i s t a n L a n d r a c e 8 6 . 7 P I 1 9 0 7 8 1 T a i w a n L a n d r a c e 8 8 . 6 2 . 0 4 2 . 2 2 4 . 8
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Hinb-1 and Hinb-2 Allelic Variation
The wheat Pinb gene has two paralogous copies in barley called Hinb-1 and Hinb-2 that are located in tandem upstream of Hina. To analyze Hinb-1 and Hinb-2 separately, two diff erent pairs of primers were designed (Table 2) . Control PCR for DNA sequencing analysis using opposite primers for Hinb-1 and Hinb-2 showed no amplifi cation of PCR products confi rming true original amplifi cation of Hinb-1 and Hinb-2. Sequence analysis of the Hinb-1 coding region identifi ed six polymorphic sites that resulted in six diff erent alleles. Hinb-1 sequence similarities ranged from 98 to 99%. The similarity of Hinb-1 with Pinb was higher than that of Hina and Pina and ranged from 91 to 92%. Hinb-1-1 was the most common allele, being present in 51 accessions (Table 1 ). The second most common allele, Hinb-1-2, was observed in 24 accessions. The other Hinb-1 alleles were rare. The six Hinb-1 alleles are predicted to encode six diff erent polypeptides (Fig. 2) . Alignment of all predicted HINB-1 amino acid sequences indicated that the six HINB-1 peptides contained 24 amino acid changes and one deletion in comparison to wheat PINB. Hinb-2 sequence analysis identifi ed 18 polymorphic sites and 18 diff erent Hinb-2 alleles (Table 1) . The similarity of Hinb-2 sequences within was similar to Hinb-1 and ranged from 98 to 99%. The similarities of Hinb-2 alleles with Pinb ranged from 90 to 91%. In total, the alignment of Hinb-1 and Hinb-2 sequences showed 20 base diff erences. Eleven of the base diff erences were consistent across all Hinb-1 and Hinb-2 alleles. The most represented Hinb-2 allele was Hinb-2-1 (50 accessions) followed by Hinb-2-4 (fi ve accessions). The 18 Hinb-2 alleles are predicted to encode 10 distinct polypeptides (Fig. 3) . Alignment of the amino acids of HINB-2 with PINB showed 24 substitutions and one deletion. The diff erence between HINB-1 and HINB-2 was six amino acid substitutions. The alignment of the most abundant HINB-1 and HINB-2 alleles with PINB suggested that PINB is genetically closer to HINB-1 (0.129) than to HINB-2 (0.136) (genetic distances from CLUSTALDIST).
Gsp Allelic Variation
Sequence analysis of the Gsp coding region among the 81 barley accessions identifi ed 16 polymorphic sites and a three-base deletion. These mutations suggested 18 different Gsp alleles. In total, 65 bases and one triplet deletion distinguished Gsp of barley from the wheat analog. The similarity of sequences within Gsp ranged from 98 to 99%. The similarity between the Gsp alleles of barley and their wheat counterpart ranged from 88 to 89% and was the lowest among the four barley Ha locus genes when barley genes were compared to wheat. Unlike for the hordoindolines, Gsp alleles spread more evenly among the accessions (Table 1 ). The most represented alleles were Gsp-1 (18 accessions) and Gsp-2 (12 accessions). The 18 Gsp sequences were predicted to encode 12 diff erent peptides (Fig. 4) . In comparison to wheat GSP, barley GSP had 35 amino acid substitutions and one deletion, and the similarity between wheat and barley ranged from 80 to 82%.
Genetic Variation of Ha Locus and Correlation among HINA, HINB-1, HINB-2, and GSP
To assess the correlation among the four barley Ha locus component genes the distributions of all alleles in the four Ha genes among the 81 spring barley accessions were compared. Correlation analysis indicated that the closest association was between HINB-1 and HINB-2 (r = 0.38, P < 0.001) followed by HINA and HINB-1 (r = 0.34, P < 0.01) and HINA and HINB-2 (r = 0.33, P < 0.01). GSP variation was not associated with variation in HINA, HINB-1, or HINB-2. Nei's genetic diversity index based on frequency of alleles within each gene indicated that the highest level of genetic variation was in GSP (0.823) followed by HINB-1 (0.514), HINB-2 (0.473), and HINA (0.427). When samples were analyzed by improvement status the genetic diversity index was higher among landraces (0.606) than among cultivars (0.517). When the most common peptide alleles of the four barley genes were compared to their wheat analogs, the CLUSTAL distance matrix indicated that HINB-1 and PINB were most similar with branch length of 0.129 (percent divergence), followed by HINB-2 and PINB (0.136), HINA and PINA (0.149), and GSP (0.177). A graphical representation of the similarity between the wheat Ha locus components and its barley counterparts is presented in Fig. 5 .
Relationship among Grain Texture Traits
Correlations were calculated for all trait combinations (Table 3) . Hardness was negatively correlated with dry matter digestibility (DMD) and starch content (Fig. 6 ).
Hardness also correlated negatively with kernel diameter and kernel weight. Kernel diameter and weight were better predictors of DMD than hardness in this study with increased kernel size being associated with increased DMD. The hardness index ranged from 56.5 to 91.3 and averaged 72.4 (Table 1) , which would be classifi ed as a hard phenotype in wheat. As reported previously (Bowman et al., 2001), particle size is negatively correlated with DMD (r = −0.66, P < 0.01)) and starch content (r = −0.32, P < 0.01). Particle size was also negatively correlated with kernel diameter (r = −0.41, P < 0.01). Starch content varied substantially between accessions ranging from 40.1 to 58.88 with mean 52.33 (Table 1) and was positively correlated with dry matter digestibility (r = 0.53, P < 0.001) and negatively correlated with particle size (r = −0.32, P < 0.01) and grain hardness (r = −0.25, P < 0.05) ( Table  3) . As previously reported, row type of barley was significantly associated with feed quality traits with six-row type having greater dry matter, acid-detergent fi ber, and particle size and lower starch content, DMD, ruminal starch digestibility, and digestible starch content, compared with two-row types (Bowman et al., 2001 ). Six-row head types had higher (P < 0.05) grain hardness and lower (P < 0.001) kernel size and (P < 0.01) diameter when compared with two-row type in this study.
Relationship between Ha Locus and Grain Hardness, Seed Size, Starch Content, and DMD
To analyze whether Ha locus variation is related to grain hardness and feeding quality associated traits, the accessions were grouped in accordance to their allele type within each Figure 1 . Wheat PINA and barley HINA predicted peptide sequence alignment. The deduced amino acid sequences from barley are compared to one another as well as wheat (Pina GenBank accession X69913). Residues which are conserved among the predicted peptide sequences from wheat PINA, PINB, and GSP (GenBank accession numbers X69913, X69912, and S48186, respectively) are shown in bold type. Wheat residues which differ from these conserved regions are underlined. Nonconservative amino acid changes relative to the amino acids common to PINA, PINB, and wheat GSP are shown in bold.
gene and among genes. Further, the 81 accessions were grouped by head type into two-and six-row subpopulations to assess the role of Ha locus variation in the absence of Vrs1 variation (Table 4) . Row type for all genotypes is given in Bowman et al. (2001) . Due to limited sample size for most haplotypes, we compared grain quality mean data of the accessions having the most common alleles of the three hordoindoline genes (Hina-1, Hinb-1-1, and Hinb-2-1, accessions from 1 to 42, grain hardness = 71.6, Table 1 ) with those with all other allele combinations (accessions from 43 to 81, grain hardness = 73.3). In the whole population where accessions randomly vary for head type, hordoindoline haplotype was not associated with grain hardness variation. However, the hordoindoline haplotype was significant associated with DMD and starch content with those with the most common haplotype being higher in DMD (P < 0.01) and starch (P < 0.01) ( Table 4 ). In the two-row subpopulation, the hordoindolines were signifi cantly associated with grain hardness, DMD, and starch content with the most common haplotype being significantly softer (P < 0.01) and higher in DMD (P < 0.05) and starch content (P < 0.01). In the sixrow subpopulation, hordoindoline haplo type was not associated with any grain quality traits (Table 4) .
Ha Locus Component Gene Expression Levels
To estimate whether Ha locus component gene expression levels were correlated with grain quality we measured Hina, Hinb-1, Hinb-2, and Gsp mRNA levels using RNA extracted from 14 DAF seeds. Twenty randomly selected accessions were used. Expression levels were measured for Hina, Hinb-1, Hinb-2, and Gsp (Table 5 ) using specifi c primers ( Table 2 ). Hina C t values (PCR cycle number equivalent to midpoint on curve) were highly correlated with Hinb-2 (P < 0.005) and Gsp (P < 0.0001) expression levels, indicating the strong association among the genes. Also, linear regression analysis (Fig. 7 
DISCUSSION
In this group of 81 spring barleys consisting of 73 USDA-ARS National Small Grains Collection accessions selected for divergent DMD and eight modern cultivars, a large degree of sequence variation in Hina, Hinb-1, Hinb-2, and Gsp was observed (Table 1) . The level of diversity is perhaps similar to that reported previously in less diverse data sets (Beecher et al., 2001; Caldwell et al., 2006; Fox et al., 2007) . Beecher et al. (2001) found three Hina and two Hinb alleles among eight North American barley cultivars and mapped Hinb to the short arm of chromosome 5H in a Steptoe × Morex mapping population. In our work it was determined that the two Hinb alleles identifi ed by Beecher et al. (2001) are part of the variation in Hinb-2 gene (Table 1) . Caldwell et al. (2006) reported a high level of genetic variation in the barley Ha locus using three gene pools of barley consisting of 74 cultivars, 15 landrace samples, and 34 wild barley accessions. They found that the number of mutations in the wild barley pool was nearly four times higher than variation in cultivars and landraces. Here we analyzed a spring barley collection and found Hina, Hinb-1, Hinb-2, and Gsp variation similar to that reported by Caldwell et al. (2006) for cultivars and landraces. Our results also indicate a high association among hordoindolines, which refl ects their close physical distances (Caldwell et al., 2006) . The largest amount of genetic variation within Ha locus was found in Gsp, which supports the hypothesis proposing Gsp as an ancestral gene of Ha locus (Caldwell et al., 2004) . In this study, in addition to the analysis of natural variation in Ha locus, we addressed the question of whether the variation of hordoindoline genes can be utilized for the improvement of traits associated with feed quality. It was reported that two barley varieties that apparently lack Hina mRNA expression are harder in texture than their counterparts (Darlington et al., 2001) . It therefore appears that the hordoindolines have an impact on barley grain texture. In this work, two diff erent approaches were utilized to assess the relationship between Ha locus component gene variation and grain hardness. In the fi rst approach, the individual accessions were grouped according to their haplotypes, and the accessions with most common alleles of Hina-1, Hinb-1-1, and Hinb-2-1 were studied in comparison with other allele combinations. The results indicated a signifi cant relationship between hordoindoline genes and grain hardness, starch content, and DMD. Since Vrs1 greatly aff ects the morphological diff erences between two-and six-row plants (Komatsuda et al., 2007; Ayoub et al., 2002) we also examined the association of Ha locus allelic variation and grain quality traits within both twoand six-row subpopulations. While there were no relationship detected between Ha locus and grain hardness within six-row accessions, the association between these two factors was very signifi cant within two-row subpopulation. This result is a possible indication of wider variation of grain hardness present within two-row accessions in comparison with six-row accessions. The other explanation for this result is a form of epistatic interaction of Ha locus with Vrs1 that is in agreement with the similar results reported for the association of row type of plants with other morphological traits, such as kernel size and shape (Ayoub et al., 2002) . In the second approach, the expression of the four genes of the Ha locus component genes were estimated based on the analyses of randomly selected accessions by means of qRT-PCR. The statistical analysis indicated that Hina, Hinb-1, Hinb-2, and Gsp expression levels were positively correlated with DMD.
The results of our study indicate that variation in Ha locus is signifi cantly associated with DMD, which is one of the most important traits in feeding of beef cattle. Lower DMD of barley shifts more of the starch digestion from the rumen to the small intestine, providing up to 42% more energy than starch digestion in the rumen (Owens et al., 1986) . In addition, lower DMD would reduce excessive fermentation acid production and reduce the incidence of bloat, acidosis, and laminitis (Hunt, 1996) . Thus, selection for grain with low DMD is advantageous for animal feeding, and genetic variation at Ha locus could be exploited for breeding new lines with better feeding quality. Unlike positive correlations observed between Ha allelic diff erences and grain hardness, DMD, and starch content in the fi rst approach, the qRT-PCR estimates of gene expression for Hina, Hinb-1, Hinb-2, and Gsp were related to DMD but not to grain hardness and starch content. Possible reasons for the lack of associations between gene expressions and grain hardness may be the low number of genotypes included and more complex genetic control of grain hardness than DMD. However, based on the hordoindoline sequence analysis there is evidence that the Ha locus signifi cantly infl uences grain hardness. Higher digestible starch content, along with lower DMD, is one of the most important parameters increasing the net energy in animal feeding (Bowman et al., 2001) . The ability to use the Ha locus genetic variation for better control of DMD may potentially bring significant improvement for barley feeding quality. Testing whether individual Ha locus haplotypes are in fact linked with end product quality diff erences will require analysis of segregating populations. Only one prior study has analyzed linkage between the barley Ha locus and end product quality; Beecher et al. (2002b) reported that the Ha locus was signifi cantly associated with grain hardness in the Steptoe × Morex population. In fact, the Ha haplotypes of Steptoe and Morex are not very divergent from each other (Table 1) or from the corresponding wheat genes (Beecher et al. (2002b) Figure 7 . Relationship between C t values of Hina, Hinb-1, Hinb-2, and Gsp generated by means of quantitative reverse-transcriptase polymerase chain reaction of 21 selected accessions representing 11 HINA alleles. Regression analysis confi rms signifi cant relationship between dry matter digestibility and Hina (R 2 = 0.323, P < 0.009), Hinb-1 (R 2 = 0.201, P < 0.048), Hinb-2 (R 2 = 0.324, P < 0.009), and Gsp (R 2 = 0.275, P < 0.018).
